Introduction {#Sec1}
============

The search for new resonances is one of the main physics goals at the LHC, with the discovery of a Higgs boson being an illustrious example \[[@CR1], [@CR2]\]. The efforts continue, mainly focusing on high mass objects typically heavier than the Higgs itself. There are in fact few searches exploring invariant masses of two Standard Model (SM) particles below, say, 100 GeV: one notable case is the search for a di-photon resonance \[[@CR3], [@CR4]\], mostly motivated by models that feature an extended Higgs sector, like two Higgs doublet models \[[@CR5]\] and the next-to-minimal supersymmetric SM \[[@CR6]\].

In this article, we focus on the LHC phenomenology of a light new scalar with a mass between 10 and 100 GeV. Generically, light new scalars are strongly constrained from electroweak precision measurements (indirectly) and from direct searches at LEP and Tevatron. At the LHC, besides the above-mentioned di-photon channel, light (pseudo)-scalars are usually searched for in the decays of the 125 GeV Higgs boson. Below roughly 10 GeV, strong bounds arise from searches related to mesons, or in experiments looking for light axion-like particles (ALPs) \[[@CR7]--[@CR10]\]. Thus, the common lore is that a new scalar, in order to escape detection, needs to be either very heavy or weakly coupled to the SM.Table 1Couplings in the twelve models \[[@CR15]\] used as benchmarks. For the top, several possibilities arise depending on the choice of top partner representation: here, as an illustration, we take the same coupling as for lighter fermions, whose mass arise from bilinear four-fermion interactions. $\documentclass[12pt]{minimal}
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Note, however, that it is enough to have small couplings to electrons and to the electroweak gauge bosons in order to escape direct LEP searches and electroweak precision bounds, as well as small couplings to the Higgs to avoid the Higgs portal constraints. Couplings to gluons (and heavy quarks) are less constrained, and may lead to sizable production rates at the LHC. Candidates of this kind arise naturally in composite Higgs models that enjoy a fermion-gauge underlying description \[[@CR11]--[@CR15]\] providing a partial UV completion. Recent lattice results \[[@CR16]\] have started to address the mass spectrum in a specific model \[[@CR17]\].

In this article, we will consider this class of models to explore the 10--100 GeV mass window and show that it is, in fact, poorly tested. A *timid* composite pseudo-scalar (TCP) arises as the pseudo-Nambu-Goldstone boson associated with an anomaly-free U(1) global symmetry in all models of partial compositeness that enjoy a UV completion, as defined in Ref. \[[@CR12]\]. All the possible models can be classified, and give precise predictions for the properties of the TCP candidate \[[@CR15]\], thus mapping out a complete landscape of possibilities. We show that, while some models are already partly tested by the low mass di-photon searches, others are unconstrained. We point out that searches for boosted di-tau resonances (which could reach a lower invariant mass than the current value of 90 GeV \[[@CR18], [@CR19]\]) give very promising signals and could be a powerful complementary probe to the di-photon channel, or even be the only way to access this class of TCPs.

Description of the models {#Sec2}
=========================

The effective Lagrangian we consider is the SM Lagrangian augmented by the following terms, up to dimension five operators (counting powers of $\documentclass[12pt]{minimal}
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Within this class of models, the coupling to the SM fermions in Eq. ([1](#Equ1){ref-type=""}) is only the first term of the expansion of the spurion coupling $\documentclass[12pt]{minimal}
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The couplings to gauge bosons in Eq. ([1](#Equ1){ref-type=""}) arise as anomalous couplings if the TCP is a (SM singlet) bound state of underlying SM charged fermions. In this case, the anomaly coefficients $\documentclass[12pt]{minimal}
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                \begin{document}$$K_{g,W,B}$$\end{document}$ are fully determined by the charges of the hyper-fermions. We refer to \[[@CR15]\] for an extensive description of a classification of UV completions giving rise to this TCP, which yields twelve models. For the purpose of this article, the TCP dynamics in the twelve models is fully specified[1](#Fn1){ref-type="fn"} by the numerical couplings in Table [1](#Tab1){ref-type="table"}. Note that, due to the small TCP mass, top loops also give additional sizable contributions to the couplings to gauge bosons (not included in the table, but included in our analysis).

Our goal is to confront the TCP with the existing searches and to propose a new, more sensitive search for such object. We treat the mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_a$$\end{document}$ for the benchmark models M1 - M12, defined in Table [1](#Tab1){ref-type="table"}. The bounds arise from di-muon searches \[[@CR22], [@CR23]\] in the low mass range, di-photon searches \[[@CR3], [@CR4]\] in the higher one, and from the BSM decay width of the Higgs \[[@CR24]\] below 65 GeV. We have also indicated the current bounds obtained by adapting the results in \[[@CR10]\] in the region between 20 and 65 GeV for the two models (M9 and M10) where they are the strongest

Bounds from existing searches {#Sec3}
=============================

Since the TCP is a gauge singlet, its couplings to *Z* and *W* are induced by the anomaly and by top loops, thus they are always much smaller than those of a SM Higgs boson. Hence, bounds from all LEP searches for a light Higgs, which are based on *Z* associated production, are evaded. At hadron colliders the TCP is copiously produced via gluon fusion. However, only very few Tevatron or LHC two-body resonant searches reach down to resonance masses below $\documentclass[12pt]{minimal}
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For other processes, a recent comprehensive review of the existing bounds on ALPs \[[@CR9]\] can be directly used to confront TCPs. Firstly, the one-loop suppression ($\documentclass[12pt]{minimal}
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As shown, the TCP represents an example of a light pseudo-scalar which would evade all existing bounds, while being copiously produced at the LHC in gluon fusion. Searches in final states from which current bounds arise can be extended in mass range. The low-mass di-muon search \[[@CR23]\] (performed at $\documentclass[12pt]{minimal}
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A recent study on inclusive di-photon cross section measurements \[[@CR10]\] has shown how to extend the low-mass reach of di-photon searches for a generic ALP. Applying their projected reach to our models we find a nice complementarity between the di-photon channel and our proposal to use the di-tau channel to be discussed below.[5](#Fn5){ref-type="fn"} Table 2The values of $\documentclass[12pt]{minimal}
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Boosted di-tau searches as a chance to explore the TCP {#Sec4}
======================================================

As TCP decays to muons and photons have small rates, it is of interest to also look at other final states. The dominant TCP decay channels are *gg* and $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau ^+\tau ^-$$\end{document}$: sizable rates of a few % are possible and the models with the lowest rates are the ones with better di-photon reach (see Fig. [1](#Fig1){ref-type="fig"}). Compared to the di-muon channel, the branching ratios are larger by a factor of $\documentclass[12pt]{minimal}
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One of the main challenges for low-mass di-tau resonant searches is the trigger. The topology that we find most promising is that of a boosted TCP recoiling against an initial state radiation (ISR) jet, and then decaying into $\documentclass[12pt]{minimal}
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                \begin{document}$$p_T$$\end{document}$) and yet leave enough observable signal. Boosted di-tau pairs have already been considered by CMS \[[@CR37]\] in searches for heavy resonances which decay to *hh*, *hZ*, or *hW*. In our case, the mass of the TCP is not known, thus it may not be necessary to require a full reconstruction of the taus with subsequent increase of the systematic uncertainty associated to the procedure. Furthermore, we are interested in light TCPs with a large boost, and thus smaller separation angles between the di-tau decay products can be expected. All decay modes of the di-tau system -- fully hadronic, semi-leptonic, and leptonic -- are potentially interesting. However, for the reasons mentioned above, we focus on the opposite flavor leptonic channel, in which one $\documentclass[12pt]{minimal}
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                \begin{document}$$m_a=10, 20, \cdots 100$$\end{document}$ GeV with up to two jets at the partonic level using MadGraph \[[@CR38]\]. We shower and hadronize with Pythia \[[@CR39]\] and run the fast detector simulation of Delphes \[[@CR40]\] using the standard CMS card after removing the isolation requirement between electrons and muons. Table [2](#Tab2){ref-type="table"} shows the value of the signal cross section $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu }<1$$\end{document}$ is essential in reducing the background from *W*'s \[[@CR41]\], while we do not impose any minimum value yet. (This last issue is discussed below and in Appendix B.)

The leading irreducible SM backgrounds are $\documentclass[12pt]{minimal}
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To be able to estimate the reach of Run II + III at the LHC, it is essential to know the systematic uncertainties because we are in a situation where the signal over background ratio is small, $\documentclass[12pt]{minimal}
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                \begin{document}$$S/B\ll 1$$\end{document}$, as can be seen from Table [2](#Tab2){ref-type="table"}. Since a search of this type has not been done by the experimental collaborations, we cannot reliably quantify the systematic uncertainties yet. Data driven techniques can certainly be used to reduce the systematic uncertainties on the different backgrounds. For the lepton identification, the systematic uncertainties typically amount to 1% \[[@CR41]\], while we do not require tau identification, which would increase the systematics to 10--20%. To assess the feasibility of the analysis, we will include the systematic uncertainty $\documentclass[12pt]{minimal}
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                \begin{document}$$\delta $$\end{document}$ the relative systematic error on the background. Eq. ([4](#Equ4){ref-type=""}) works quite well in the regime of interest for this work when compared to the more general treatment in \[[@CR42]\]. A projection of the bound on $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {fb}^{-1}$$\end{document}$ integrated luminosity is shown in Fig. [2](#Fig2){ref-type="fig"}, including an estimated systematic uncertainty of 1%. We can see that for all models with exception of M9 and M10, the boosted di-tau search we propose can probe the mass range of 10--70 GeV with integrated luminosity below 300 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$\delta = 1 \%$$\end{document}$. Shown in grey are the current bounds as of Fig. [1](#Fig1){ref-type="fig"}

n Fig. [3](#Fig3){ref-type="fig"} we show the relative change in the projected bound on $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu }$$\end{document}$ cut of 0.1 or 0.2 is imposed as well as its dependence on a change in systematic uncertainty from 1 to 0, 0.5, and 2%. These changes apply to all models in a universal way. We can see a loss of sensitivity for masses below $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu }$$\end{document}$, while above this mass range the search is barely affected. Thus, being able to remove or reduce the minimum separation angle is important for the lowest mass region, as long as it does not imply an increase in the systematic errors.

The plot also clearly shows the importance of controlling the systematic uncertainties to a level close to 1%. The latter values are what CMS and ATLAS typically require for opposite sign leptons \[[@CR41]\] in current searches.Fig. 3Relative change $\documentclass[12pt]{minimal}
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It is possible to improve sensitivity by imposing variable cuts on the invariant mass $\documentclass[12pt]{minimal}
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As mentioned above, fully or semi-hadronic decays of the di-tau system may also be testable by designing appropriate di-tau jet algorithms. For the semi-hadronic case, a sophisticated isolation procedure has been used by CMS for boosted Higgs tagging in the di-tau channel. However, large systematic uncertainties, or the order of 20--30% \[[@CR37]\], are introduced due to the modified isolation and tau-identification procedures. Furthermore, the signal we are interested in features smaller separation between the two taus, thus a better performance may be achieved by a dedicated identification procedure. For instance, the technique of "mini-isolation" proposed in Ref. \[[@CR43]\] may be adapted to this case, although this is beyond the scope of this paper. For the fully hadronic case, preliminary studies in Refs. \[[@CR44], [@CR45]\] show that a good discrimination between di-tau jets and single tau or QCD jets can be achieved using sub-jet variables. However, a correct estimate of the background (especially from QCD) can only be done with data driven techniques, thus we do not attempt to quantify the sensitivity of these channels.

Conclusions {#Sec5}
===========

The search for new resonances at the LHC continues, and many searches for high-mass resonances are being performed. Nevertheless, complementary searches for lower-mass resonances which have evaded current constraints must not be forgotten. We observe that light pseudo-scalars in the mass regime between 14 and 65 GeV can be copiously produced at the LHC while avoiding current experimental constraints.

We propose to search for boosted di-tau resonances, produced via gluon fusion, that can effectively cover this open window. We test this strategy on a set of twelve benchmark models of composite Higgs with top partial compositeness, which have a simple gauge-fermion underlying description. Low mass di-photon searches effectively cover masses above 65 GeV. Extending the di-photon search to lower masses is challenging due to triggers (but potential solutions have been presented  \[[@CR10]\]), while resuming low-mass di-muon resonant searches and extending them to higher masses is possible but challenging due to increased muon $\documentclass[12pt]{minimal}
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Appendices {#Sec6}
==========

A Details of the models {#Sec7}
=======================

A light Higgs may emerge as the pseudo-Nambu-Goldstone boson (pNGB) of a spontaneously broken global symmetry of a new strongly interacting sector. Most of the developments in these models have been achieved by use of effective descriptions. However, as shown in \[[@CR15]\], the knowledge of the underlying theory (a partial UV completion) based on gauge-fermion models allows for specific, and testable, predictions.

A particular minimalist class of UV completions was found in \[[@CR12]\]. In such models, dangerous leptoquark pNGBs are avoided by having two distinct cosets, one associated with color and the other with electroweak quantum numbers. The presence of two cosets also requires the presence of two species of underlying fermions in the theory, $\documentclass[12pt]{minimal}
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The coupling of the Higgs to two TCPs is generated mainly by loops of top quarks (the contribution of lighter fermions being suppressed by the mass, while the gauge contribution is suppressed by the small anomalous couplings). The relevant vertices can be read off by expanding the spurion term $\documentclass[12pt]{minimal}
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A.2 Cross sections, widths and branching ratios {#Sec9}
-----------------------------------------------

In Fig. [6](#Fig6){ref-type="fig"} we plot the TCP production cross section for gluon fusion at the LHC with a center-of-mass energy of 7, 8 and 13 TeV. We also show, in Fig. [7](#Fig7){ref-type="fig"}, the branching ratios in the main decay channels.

B Details of the simulation {#Sec10}
===========================
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We then perform the cuts discussed in the main paper and below on these samples. This gives the value of the TCP production cross-section after the cuts for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$K_{g,{\mathrm{eff}}}=1$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_a=1 \text{ TeV }$$\end{document}$ that we denote by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{\sigma }_{\mathrm {prod.}} \times \epsilon $$\end{document}$, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\epsilon $$\end{document}$ is the efficiency of the cut flow.

The true value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _{\mathrm {prod.}}\times {\mathrm {BR}}_{\tau \tau }\times \epsilon $$\end{document}$ displayed in Table [2](#Tab2){ref-type="table"} for each model is obtained by multiplying $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{\sigma }_{\mathrm {prod.}}\times \epsilon $$\end{document}$ by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$K_{g,{\mathrm{eff}}}^2 \times {\mathrm {BR}}_{\tau \tau }$$\end{document}$ shown in Table [5](#Tab5){ref-type="table"}. We do not include a *k*-factor for this analysis. The efficiencies of the cuts depend on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_a$$\end{document}$ but are independent on the type of model. Thus the expected signal *S* is obtained as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S = \sigma _{\mathrm {prod.}}\times {\mathrm {BR}}_{\tau \tau } \times \epsilon \times L \times ({\mathrm {TeV}}^2/f_a^2)$$\end{document}$, where *L* is the total luminosity.Table 5Values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$K_{g,{\mathrm{eff}}}^2 \times BR_{\tau \tau }$$\end{document}$ for the models M1 - M12 and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_a=10\cdots 100$$\end{document}$ GeV. For the values given, we chose the discrete charges of the top partners to be the same as those of the other fermions$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_a$$\end{document}$ \[GeV\]102030405060708090100M16.73.42.51.91.51.20.950.790.660.57M29.74.83.62.72.11.71.41.10.960.82M35.72.92.21.81.41.10.910.760.650.56M46.22.61.61.10.790.600.470.390.320.27M53.01.51.10.840.660.520.420.350.300.25M63.01.51.10.840.660.520.420.350.300.25M79.74.83.62.72.11.71.41.10.960.82M80.880.500.480.460.430.400.360.330.300.28M91.90.740.420.270.190.140.110.0910.0760.064M101.80.730.410.270.190.140.110.0910.0760.064M112.11.10.940.790.660.550.470.400.350.30M122.91.51.31.00.850.700.590.500.430.37 Table 6The values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _{\mathrm {prod.}} \times BR_{\tau \tau }\times \epsilon $$\end{document}$ in fb for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_a = 1$$\end{document}$ TeV for each of the models defined in Table [1](#Tab1){ref-type="table"} if a seperation cut $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta R_{e\mu } > 0.1$$\end{document}$ is imposed. The main backgrounds are di-top and single-top (59.2 fb), $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/\gamma ^*$$\end{document}$ (24.0 fb), and di-bosons (10.9 fb)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_a$$\end{document}$102030405060708090100M19.912.9.06.55.33.73.02.31.71.4M214.17.13.9.37.75.44.43.22.42.0M38.510.8.26.05.03.62.92.21.61.4M49.19.25.93.82.91.91.51.10.800.67M54.55.24.02.92.41.71.41.00.740.63M64.55.24.02.92.41.71.41.00.740.63M714.17.13.9.37.75.44.43.22.42.0M81.31.71.81.61.61.31.20.960.760.69M92.72.61.50.930.700.460.360.260.190.16M102.72.51.50.930.700.460.360.260.190.16M113.13.93.42.72.41.81.51.20.870.74M124.35.34.63.53.12.31.91.41.10.92

The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/\gamma ^*\rightarrow \tau \tau $$\end{document}$ background cross-section is estimated from the Monte Carlo. We generate this sample in exactly the same way as the signal sample, i.e. with up to two jets MLM matched and a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_T$$\end{document}$ cut of 100 GeV on the leading jet at partonic level. We find the cross-section after matching to be 49 pb.Table 7The values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _{\mathrm {prod.}} \times BR_{\tau \tau }\times \epsilon $$\end{document}$ in fb for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_a = 1$$\end{document}$ TeV for each of the models defined in Table [1](#Tab1){ref-type="table"} if a seperation cut $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta R_{e\mu } > 0.2$$\end{document}$ is imposed. The main backgrounds are di-top and single-top (55.9 fb), $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/\gamma ^*$$\end{document}$ (22.6 fb), and di-bosons (10.5 fb)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_a$$\end{document}$102030405060708090100M10.864.76.85.64.93.52.92.21.71.4M21.26.89.88.17.15.04.23.22.42.0M30.744.16.15.24.73.32.82.11.61.4M40.793.74.43.32.71.81.51.10.800.66M50.392.13.02.52.21.61.30.990.740.62M60.392.13.02.52.21.61.30.990.740.62M71.26.89.88.17.15.04.23.22.42.0M80.110.711.31.41.41.21.10.940.760.68M90.241.01.10.810.650.440.350.260.190.16M100.231.01.10.810.650.430.350.260.190.16M110.271.62.62.42.21.71.51.10.860.74M120.372.23.53.12.92.11.81.41.10.92
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For the remaining background processes we generate all the fully leptonic channels. We use the total cross-sections published by ATLAS, multiplied by the appropriate leptonic branching ratios for the *W* and *Z* ($\documentclass[12pt]{minimal}
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We now would like to pick a set of cuts that maximizes the figure of merit $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {Z}$$\end{document}$ defined in Eq. ([4](#Equ4){ref-type=""}) for our channel (opposite sign, opposite flavor di-lepton channel). We need to satisfy both trigger and isolation requirements for the leptons. From the trigger menus discussed in \[[@CR46]\] we chose to retain only muons with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{T\mu } > 52$$\end{document}$ GeV (off-line selection). This allows us to go rather low in the selection of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{Tj}$$\end{document}$ of the leading jet, on which we are not triggering. We find that $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{Tj}>150$$\end{document}$ GeV gives an acceptable compromise between the signal rate an the reach in $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{Te}$$\end{document}$ of the electron is chosen to be above 10 GeV and we use the standard isolation requirements between leptons and jets $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{l j}>0.5$$\end{document}$. Furthermore, we put a third lepton veto and a *b*-jet veto in order to reduce the top and di-boson background.

The separation between the electron and the muon requires a more detailed discussion. Figure [4](#Fig4){ref-type="fig"} shows the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu }$$\end{document}$ distribution of the signal (for two reference masses) and the main backgrounds before imposing $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu }$$\end{document}$ cuts. The background distributions of di-tops and di-bosons are rather flat while the signal -- especially for light TCPs -- is characterized by small $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu }$$\end{document}$. Thus, the sensitivity of the search is increased by imposing an *upper* cut which we choose at $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu } < 1.0$$\end{document}$.

In current searches, the ATLAS and CMS collaborations typically also use a *lower* cut of $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu } > 0.1$$\end{document}$ or 0.2 as lepton isolation requirement. For these values, efficiencies and systematic errors are known and determined from data driven methods. Imposing an analogous isolation cut thus gives a reliable estimate of systematics and the reach of the study, but it comes at a price because for a light TCP, the signal efficiency is reduced. To study the impact of lepton isolation in more detail we explore three cases: without $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu }>0.1$$\end{document}$, and 0.2. The resulting values for $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\mathrm {prod.}}\times {\mathrm {BR}}_{\tau \tau }\times \epsilon $$\end{document}$ for the case of no isolation are given in Table [2](#Tab2){ref-type="table"}. The analogous values with an isolation criterion $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu } > 0.1$$\end{document}$ and 0.2 are shown in Tables [6](#Tab6){ref-type="table"} and [7](#Tab7){ref-type="table"}, respectively.

The background cross sections are barely affected by the modified isolation cuts. They are given in the caption of the respective table. The signal cross sections for the different isolations are comparable for a high mass TCP, but get reduced for $\documentclass[12pt]{minimal}
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                \begin{document}$$m_a\lesssim 20$$\end{document}$ GeV (30 GeV) for $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R_{e\mu } > 0.1$$\end{document}$ (0.2). Thus removing or at least reducing the isolation cut is advantageous for the TCP low mass regime if systematic errors can be kept under control.

Additionally, one could consider other channels such as ($\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _h,\mu $$\end{document}$) and ($\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _h,e$$\end{document}$). Perhaps even the ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mu ,\mu $$\end{document}$) channel could be relevant in spite of the large $\documentclass[12pt]{minimal}
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                \begin{document}$$Z / \gamma ^*$$\end{document}$ background. We refrain from doing this since the systematic error and the backgrounds become harder to estimate with our tools.
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma \gamma $$\end{document}$ searches {#Sec11}
================================================================================================

To conclude, we show in Fig. [8](#Fig8){ref-type="fig"} a comparison of the reach of the di-photon analysis proposed in \[[@CR10]\] to the di-tau search proposed in this paper. We see that there is a nice complementarity between the two approaches, the di-tau being more sensitive in the low mass region and the di-photon nicely covering the high mass regions left uncovered. The complementarity also extends to the models themselves, namely some models, like M5 and M8, are much more sensitive to the di-tau signal, while others like M9 and M10 are covered by the di-photon analysis. A combination of the two approaches would essentially allow to test all of these models in the full mass range.

The model in \[[@CR17]\] is denoted by M6 in this work and in \[[@CR15]\], while the model \[[@CR11]\] is denoted by M8.
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                \begin{document}$$\sigma $$\end{document}$ excess at 95.3 GeV in the Run--II CMS search \[[@CR4]\] can be seen as a bump, giving a rough estimate of the required value of $\documentclass[12pt]{minimal}
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                \begin{document}$$f_a$$\end{document}$.

As the partial width scales with $\documentclass[12pt]{minimal}
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                \begin{document}$$f_a$$\end{document}$ well above 1 TeV. We also remark that this bound will not substantially improve with higher luminosity, with a projected reach of $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ \[[@CR29]\].

A LHCb search for a dark photon in di-muon, within the mass range 10--70 GeV, can be found in Ref. \[[@CR34]\].

Results of the comparison can be found in Appendix [1](#Sec11){ref-type="sec"}.

Searches for boosted low-mass di-jet resonances are possible, as for instance Ref. \[[@CR27]\]. See also \[[@CR35]\] for di-tau jets and \[[@CR36]\] for associated top production.

For more details on event generation, cut-flows and results, see Appendix B.
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                \begin{document}$$K_{g, {\mathrm{eff}}} \sim K_g - 1/2 C_t$$\end{document}$ includes the effect of top loops in the gluon-fusion production.
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